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Summary
Background: GTP-loaded Ran induces the assembly of
microtubules into aster-like and spindle-like structures
inXenopus egg extract. The microtubule-associated pro-
tein (MAP), TPX2, can mediate Ran’s role in aster forma-
tion, but factors responsible for the transition from aster-
like to spindle-like structures have not been described.
Results: Here we identify a complex that is required for
the conversion of aster-like to spindle-like structures.
The complex consists of two characterized MAPs
(TPX2, XMAP215), a plus end-directed motor (Eg5), a mi-
totic kinase (Aurora A), and HURP, a protein associated
with hepatocellular carcinoma. Formation and function
of the complex is dependent on Aurora A activity.
HURP protein was further characterized and shown to
bind microtubules and affect their organization both in
vitro and in vivo. In egg extract, anti-HURP antibodies
disrupt the formation of both Ran-dependent and chro-
matin and centrosome-induced spindles. HURP is also
required for the proper formation and function of mitotic
spindles in HeLa cells.
Conclusions: HURP is a new and essential component
of the mitotic apparatus. HURP acts as part of a multi-
component complex that affects the growth or stability
of spindle MTs and is required for spindle MT organiza-
tion.
Introduction
The effect of chromatin on meiotic or mitotic spindle as-
sembly depends on the action of the small GTPase Ran
[1–4]. In meiotic Xenopus egg extract, GTP bound Ran
appears to affect multiple aspects of microtubule be-
havior during spindle formation. RanGTP induces the
polymerization of microtubules (MTs), increases their
stability, and can mediate their organization into polar-
ized antiparallel overlapping arrays [1, 4–7]. In mitosis,
RanGTP activates factors involved in spindle assembly
such as TPX2 [8–10], NuMA [11], and Rae1 [12] by disso-
ciating them from importin a and/or importin b.
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Uppsala, Sweden.The motor protein Eg5 is a member of the BimC family
of plus end-directed kinesins and plays an important
role in the establishment and maintenance of spindle bi-
polarity [13–15]. Eg5 is a bipolar tetramer in solution and
is capable of sliding antiparallel microtubules apart [16].
Its directionality and gliding rate makes Eg5 an attractive
candidate for the generation of the MT flux seen in spin-
dles [17, 18]. There is evidence that Eg5 may also be
a target of RanGTP regulation [19].
Addition of RanGTP to Xenopus egg extract induces
the formation of aster- and spindle-like structures, while
addition of TPX2, one of the Ran target proteins, induces
the formation of asters but never spindle-like structures
[8]. This suggested that additional RanGTP-regulated
factors are involved in generating spindle bipolarity.
Here, we characterize a complex that contains Eg5
and TPX2 along with Aurora A (Eg2), XMAP215, and a
tumor-associated protein called HURP [20] that is
required for Ran-spindle formation. Aurora A is a cell
cycle-regulated serine/threonine kinase expressed at
highest levels in G2/M phase. Aurora A overexpression
interferes with mitotic exit and neoplastic transforma-
tion, while its downregulation by RNAi broadens spindle
poles and reduces spindle size [21]. The Xenopus ortho-
log, Eg2, has been shown to phosphorylate and activate
TPX2, which in turn binds to and activates the kinase.
Importin a/b inhibits this activation [22–24]. In vitro stud-
ies have shown that XMAP215 affects catastrophe fre-
quency during mitosis and is required for both MT
growth from centrosomes and maintenance of spindle
MT length [25–27].
We show here that the HURP-containing complex of
proteins is required for the transition from aster-like to
polar, spindle-like RanGTP-induced structures in Xeno-
pus egg extract. We analyzed the contribution of individ-
ual components of the complex in spindle bipolarity and
found that Aurora A activity is required both for forma-
tion of the complex and for Ran-spindle assembly. We
further investigated the role of HURP, since it is a novel
MAP and its function in spindle assembly and mitosis
was unknown. We found that HURP affects microtubule
dynamics both in vivo and in vitro, as well as the transi-
tion from aster-like to spindle-like structures upon
RanGTP addition. HURP is also necessary for proper mi-
totic spindle formation in Xenopus cycled egg extract
and in mammalian cells, although the effect of HURP de-
pletion on bipolarity in these systems is less severe. We
suggest that HURP’s tumor association [20] may be due
to its role in spindle formation and function.
Results and Discussion
Identification of a Complex Involved in Achieving
Ran-Spindle Bipolarity
Previous studies have demonstrated that addition of
RanGTP to meiotic cytostatic factor-arrested (CSF) ex-
tract activates the formation of aster-like (Ran-asters)
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744Figure 1. The HURP-Containing Complex Is Involved in Ran-Spindle Bipolarity
(A) Bipolarity assay used to identify factors involved in the formation of Ran-spindles. Ran-spindles were formed in the presence of DNLS TPX2
and RanQ69L (left). This reaction was inhibited in the presence of importin a (center). Rescue of the Ran-spindle-promoting activity was assayed
by addition of fractionated Xenopus MAPs (right; for details of the purification, see Figure S1).
(B) Quantitation (left) and assay of the Ran-spindle-forming activity of fractions from the final gel filtration column of the purification.
(C) Silver-stained gel of the final gel filtration fractions from the purification. Arrows indicate the positions of HURP, XMAP215, Eg5, and Aurora A,
which were identified in fraction 13 by mass spectrometry.
(D) Immunoprecipitation was fromXenopusMAPs by means of the indicated antibodies. Western slots were probed for Aurora A/Eg2, XMAP215,
Eg5, and TPX2.
Error bars are the SEM.and spindle-like (Ran-spindles) microtubule structures
even in the absence of chromatin or centrosomes. Addi-
tion of one of the targets of RanGTP regulation, TPX2, to
the extract induces the formation of asters but not spin-
dles [8]. This suggests that additional RanGTP-regu-
lated factors are needed for the formation of bipolar
Ran-spindles. To assay for such activities, a mutant
form of TPX2, which does not bind to importin a (DNLS
TPX2) [9], was used to induce aster formation. Addition
of low concentrations of RanQ69L, a GTP hydrolysis-deficient mutant of Ran [28], induced the formation of
Ran-spindles (Figure 1A). Addition of excess importin
a to this mixture inhibited the formation of Ran-spindles,
but not of Ran-asters, providing evidence for the exis-
tence of factors that are essential for spindle formation
and that, like TPX2 [8], can be inhibited by excess im-
portin a (Figure 1A). To identify these factors, we used
biochemical fractionation of egg extracts to select for
fractions that would restore Ran-spindle formation in re-
actions inhibited by importin a (Figure 1A).
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745We developed a fractionation protocol (see Figure S1A
in the Supplemental Data available with this article on-
line) by using microtubule-associated proteins (MAPs)
prepared from CSF extract in the presence of AMP-
PNP, a poorly hydrolysable analog of ATP. The MAPs
were size fractionated on a Superose 6 gel filtration col-
umn. One fraction consistently contained the most ac-
tivity (fraction 13, Figure 1B). Several proteins eluted
together in this fraction, and the estimated MW of
the activity was 1500 K. The most prominent bands
(Figure 1C) were analyzed by mass spectrometry. This
identified Eg5, XMAP215, Aurora A, and a protein named
HURP [20], which had not been previously characterized
as a MAP, in the active fraction. Western blot analysis
additionally identified TPX2 and importin a. Further
Western blot analysis confirmed the cofractionation of
these proteins with the activity that promotes Ran-
spindle formation. In the case of XMAP215, only a small
fraction of the total protein was in the active fraction
(Figure S1B).
From different purification attempts, it became obvi-
ous that mild, native conditions were needed to maintain
the activity, suggesting that some of the identified pro-
teins might be in a complex. Immunoprecipitation
experiments confirmed this conclusion. HURP, TPX2,
XMAP215, Eg5, and Aurora A were coimmunoprecipi-
tated by several antibodies, although use of the Aurora
A antibody appeared to disrupt the complex (Figure 1D).
Similar results were obtained when the immunoprecipi-
tations were repeated in the presence of nocodazole, in-
dicating that the interactions were not dependent on
MTs (data not shown). Importin a, although in the frac-
tion, was not coprecipitated (Figure 1D, data not
shown), and serves as a negative control.
Aurora A Is Essential for Ran-Spindle Formation
In order to understand what the function of the HURP-
containing complex might be, we set out to investigate
the role of the individual components in Ran-spindle
bipolarization. We first investigated the effect of deplet-
ing Aurora A/Eg2 from the active fraction. Since the gel
filtration step of the fractionation produced very limited
quantities of protein, the depletions were performed on
the MAP fraction. When Aurora A was depleted, the re-
maining MAP fraction did not restore bipolarity in the
Ran-spindle assay, leading to a severe reduction in
spindle-like structures (Figure 2A). Addition of recombi-
nant Aurora A to the depleted MAP fraction restored the
formation of spindle-like structures, while addition of
a catalytically inactive Aurora A mutant, 162K/R [29,
30], led to the formation of aberrant structures (Fig-
ure 2B).
To examine whether the functional defect was due to
the depletion of Aurora A alone or of the complex, we
carried out gel filtration both after depletion and after
depletion and readdition of recombinant wild-type or
mutant Aurora A. The wt recombinant Aurora A was in-
corporated into the complex, while the mutant form
was not reincorporated, as shown by gel filtration of
the corresponding MAPs (Figure 2C and data not
shown). This suggests that Aurora A kinase activity is es-
sential for formation of the complex and for its activity in
spindle bipolarity.XMAP215 Is also Part of the Ran-Spindle
Bipolarity Complex
A population of XMAP215 was found to cofractionate
with the complex, although the majority of the protein
was present in inactive fractions (Figure S1B). To test
whether XMAP215 was essential for bipolarity, we de-
pleted XMAP215 from the MAP fraction. Addition of the
depleted MAP fraction to the bipolarity assay did not re-
store the formation of Ran-spindles. Addition of re-
combinant XMAP215 to this mixture, however, did not
rescue bipolarity (Figure 3A). Western blot analysis of
the XMAP215-depleted MAP fraction revealed a dra-
matic reduction of Aurora A levels on XMAP215 deple-
tion (Figure 3B) that would be sufficient to explain the re-
duction in Ran-spindle formation (see above). There was
no significant reduction in other members of the com-
plex, such as Eg5 or TPX2. Aurora A depletion from the
MAP fraction did not efficiently codeplete XMAP215
(data not shown). This nonreciprocal behavior is proba-
bly due either to Aurora A antibodies weakening the in-
teraction with XMAP215 (Figure 1D) and/or to the fact
that most XMAP215 does not cofractionate with Aurora
A (Figure S1B).
HURP Is Required for Ran-Spindle Formation
Analysis of the high molecular weight (250–300 kDa)
bands (Figure 1C) identified four peptides with high ho-
mology to HURP (for hepatoma-upregulated) protein
[20]. TheXenopus tropicalis homolog (LOC407899 in En-
sembl X. tropicalis database) has a calculated MW of 98
kDa. Antibodies raised against xHURP recognized and
immunoprecipitated different forms of the protein from
X. laevis mitotic or interphase extract, one of approxi-
mately 130 kDa and at least two between 250 and
300 kDa (Figure 4A). Further Western blot and mass
spectrometric analysis of the higher molecular weight
bands (see below and data not shown) suggested that
all correspond to forms of HURP. The larger HURP
species survived extensive boiling in SDS and may
represent a dimeric or oligomeric form of the protein,
potentially formed through covalent linkage. Analysis
of xHURP in cycling extract revealed a reduction in the
high molecular weight form in interphase compared to
mitosis and that the high molecular weight form bound
preferentially to MTs (Figures 4A and 4B). In HeLa cell
extracts, a polyclonal antibody raised against human
HURP recognized a 100 kDa band in HeLa cell mitotic
extract, which was greatly reduced in interphase extract
(Figure 4A).
To characterize HURP and analyze its role in Ran-spin-
dle formation, we immunodepleted xHURP from CSF ex-
tract and assayed the effects. We were able to deplete
60%–70% of xHURP from the extract as compared to
mock-depleted controls (data not shown). Depletion
dramatically decreased the number of spindles and as-
ters formed in response to RanGTP. This major reduction
in MT formation was unexpected given the method by
which we identified HURP, but further analysis of the de-
pleted extracts revealed a severe reduction in TPX2 pro-
tein and a smaller reduction in XMAP215. Removal of
TPX2 is sufficient to prevent chromatin- or Ran-depen-
dent MT formation [8], and the effect of the depletion
was therefore not attributable to removal of HURP. To
separate the function of HURP from that of TPX2, we
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(A) Structures assembled in the bipolarity assay after adding MAPs depleted or mock-depleted of Aurora A/Eg2. Histogram shows quantitation
of data from five fields taken from each of three independent experiments.
(B) Recombinant wt or a catalytically inactive mt Aurora A were added to Aurora A/Eg2-depleted MAPs and assayed for Ran-spindle formation in
the bipolarity assay. Histogram shows quantitation of data from five fields taken from three independent experiments.
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747Figure 3. XMAP215 and Ran-Spindle Assembly
(A) Structures assembled in the bipolarity assay after adding MAPs depleted or mock-depleted of XMAP215 without or with addition of recombi-
nant XMAP215. Histogram shows quantitation of data from five fields taken from each of three independent experiments.
(B) Western blot of the indicated proteins in the XMAP215-depleted or mock-depleted MAPs. A strong reduction of Aurora A/Eg2 was observed
in the XMAP215-depleted MAPs.
Error bars are the SEM.added affinity-purified anti-xHURP-M antibodies to the
extracts in an attempt to inhibit HURP function.
Incubation of CSF extract with RanQ69L led to the for-
mation of Ran-asters at early time points (10 min). These
reorganized into Ran-spindles after 25–30 min. When
anti-HURP antibodies were added prior to or together
with RanQ69L, a severe decrease in Ran-spindle forma-
tion was observed at 30 min, although the total number
of MT structures (now mainly aster-like) remained unaf-
fected. Antibodies against a control protein (Nup205) or
nonimmune IgG had no effect on Ran-spindle formation
(Figures 4C and 4D). MT formation was examined at ear-
lier incubation times (Figure 4E). The Ran-asters that
formed after 10–15 min incubation in anti-xHURP extract
were 65% shorter in diameter than control Ran-asters,while the total tubulin fluorescence intensity in the aver-
age Ran-aster was reduced by 75%, indicating that both
the length and the number of MTs were reduced in the
presence of anti-xHURP (Figure 4F). The small aster
phenotype caused by xHURP inhibition did not seem
to result from reduced nucleation, since the number of
asters was similar in the control and the anti-xHURP-
treated extracts.
HURP Antibody Addition Reduces the Microtubule
Density in Mitotic Spindles
We next tested whether spindles could form around
sperm chromosomes, after cycling the CSF extract to
allow DNA replication and centrosome duplication, in
the presence of anti-xHURP. xHURP antibodies were(C) Western blot of gel-filtration fractions of MAPs that were first depleted of Aurora A/Eg2, then supplemented with recombinant his-tagged wt
or mt Aurora A.
Error bars are the SEM.
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748Figure 4. HURP Is Required for Ran-Spindle Formation in Xenopus CSF Extract
(A) Western blot of xHURP (left) or human HURP (right) in Xenopus egg or HeLa cell extracts, respectively.
(B) Western blot of xHURP in total high speed CSF extract or in MT binding (bound) or nonbinding (unbound) fractions.
(C) Ran-spindle formation in mock-treated or anti-xHURP antibody-treated CSF extract 30 min after RanQ69L addition. Structures assembled in
mock treated (top, IgG control), anti-Nup205-treated (middle), or anti-xHURP-M-treated (bottom) extract; scale bar equals 20 mm on the left
panels, 4 mm on the right panels.
(D) Quantitation of Ran-induced structures assembled in mock or anti-xHURP-treated extracts. 10 fields were measured in each of five indepen-
dent experiments.
(E) Ran-aster formation in the mock or xHURP-treated extract 10 min after RanQ69L addition. Fluorescence micrographs of structures assem-
bled in mock (IgG control) or anti-xHURP-M-treated extract; scale bar equals 20 mm.
(F) The average MT length and fluorescence intensity (in arbitrary units) of Ran-asters formed 10 min after RanQ69L addition to mock or anti-
xHURP-treated CSF extract.
Error bars are the SEM.titrated into egg extract either prior to cycling or as it was
cycling back into mitosis, with similar results. Spindles
were allowed to form for either 45 or 60 min and fixed.
In control extract, most sperm nuclei had directed the
formation of robust bipolar spindles by 45 min. Anti-
xHURP antibodies at up to 150 mg/ml did not affectspindle bipolarity, and no increase in monopolar spin-
dles was observed. Most spindle poles appeared to
form normally, and alignment of the chromosomes on
the metaphase plate also seemed normal (Figure 5A).
The pole-to-pole length of spindles assembled in anti-
xHURP-treated extract was reduced by 20% compared
HURP Is Required for Spindle Assembly
749Figure 5. HURP Is Required for Mitotic Spindle Assembly
(A) Mitotic spindle formation in mock or anti-xHURP-treated extract. Structures assembled in mock treated (top, IgG control) or anti-xHURP-M-
treated cycled extract in the presence of centrosomes and chromosomes.
(B) Quantitation of the average MT length and fluorescence intensity (in arbitrary units) of the mitotic spindles. 50 spindle structures were mea-
sured in each of six independent experiments.
Error bars are the SEM.to the control spindles, and their breadth at the equator
was 50% less than those in control extract (Figure 5B).
The most dramatic effect, however, was on the den-
sity of spindle MTs. Almost all spindles examined in
the xHURP-inhibited extract had a greatly reduced num-
ber of MTs (Figures 5A and 5B). The extent of MT reduc-
tion varied depending on the concentration of xHURP
antibody added and on the extract used. In six indepen-
dent experiments, however, there was a very large re-
duction in rhodamine-tubulin fluorescence intensity,
ranging from 50% to 95% reduction with an average of
80% (Figure 5B), when spindles formed in the presence
of anti x-HURP were compared with controls. Interest-
ingly, despite the very large decrease in MT density,
the spindles maintained their overall shape.
HURP Stimulates Microtubule Bundling In Vitro
MAPs bind to MTs and regulate their stability and inter-
actions. We tested the effect of recombinant hHURP by
adding it to prepolymerized, taxol-stabilized MTs. Re-
combinant hHURP at a substoichiometric concentration(1.5 mM) caused efficient bundling of the MTs in condi-
tions where the prepolymerized MTs were invisible in
the light microscope (3 mM tubulin dimers, 30 min incu-
bation, Figure 6A, top). Addition of anti-HURP antibody
at a dilution of 1:10 or 1:100 dramatically reduced the
bundling effect caused by the presence of recombinant
HURP (Figure 6B).
EM analysis verified the bundling of MTs in the pres-
ence of recombinant hHURP (Figure 6C). Note that
with this tubulin concentration (3 mM), only individual
MTs are seen in the EM in the absence of hHURP. These
results show that HURP increases the bundling of MTs in
pure tubulin solutions. Similar effects were observed in
CSF extract upon addition of the recombinant protein
(data not shown).
HURP Is Required for Spindle Formation
in Human Cells
We wished to test whether HURP has a role in spindle
formation in mitotic human cells. In HeLa cells express-
ing GFP-HURP, the protein level increased at the
Current Biology
750Figure 6. Human HURP Stabilizes and Bundles Microtubules
In (A) and (C), prepolymerized and Taxol-stabilized MTs assembled
in the presence of 3 mM tubulin dimers were incubated with or with-
out recombinant hHURP (1.5 mM) as indicated.
(A) Light micrograph after 30 min incubation. Scale bar equals 10 mm.
(B) Light micrograph after 30 min incubation with recombinant
hHURP in the absence or presence of anti-HURP antibodies as indi-
cated. Scale bar equals 10 mm.
(C) Negative staining EM after 10 min incubation. Scale bar equals
500 nm.beginning of mitosis and decreased dramatically at
mitotic exit (Figure S2, Movie S1), consistent with the
Western blot analysis of endogenous hHURP (Fig-
ure 1A). This is in accordance with previous reports
demonstrating that HURP is phosphorylated by cdk1-
cyclin B and then subject to proteasome-mediated deg-
radation [31]. Live-cell imaging of GFP-HURP and immu-
nofluorescence of endogenous HURP revealed identical
localization patterns (see also Tsou et al. [20]). At the be-
ginning of prophase, HURP was localized on MTs sur-
rounding the centrosomes. In metaphase, the protein
was mainly localized on kinetochore MTs (Figure 7A,
right, and Figure S2, Movie S2). In anaphase A, HURP
decorated spindle MTs and a few overlapping MTs in
the spindle midzone; and in anaphase B, MTs close to
the centrosomes and a few MTs surrounding the segre-
gated chromosomes. At the end of telophase, HURP be-
came undetectable (Figure 7A, Figure S2, Movie S2).
To test the function of HURP in spindle assembly in
somatic cells, we performed RNA interference experi-
ments in human tissue culture cells. siRNAs directed
against human HURP were transfected into control
HeLa cells and HeLa cells stably transfected with GFP-
CENP-A [32], and the effect on HURP protein was ana-
lyzed by Western blot and immunofluorescence in five
independent experiments. After 27 hr of treatment,
HURP protein levels were reduced by roughly 90%
(Figure 7B). In almost all mitotic cells, reduction of
HURP resulted in defects in chromosome capture and
alignment as well as in spindle assembly. Examples
are shown in Figure 7C. Chromosomes failed to align
properly in metaphase, and a significant increase in de-
fects in spindle size, shape, MT density, and number of
poles were observed (Figure 7C and data not shown).
The HURP-depleted cells showed either no chromo-
some congression or a mixture of both congressed
and noncongressed chromosomes. The latter was the
most common phenotype (Figure 7D). In spite of these
defects, live-cell imaging showed that HURP-depleted
cells did not arrest or become apoptotic. Instead, they
entered anaphase despite the lack of chromosome
alignment, resulting in defective chromosome segrega-
tion (Figure S3, Movie S3).
Downregulation of HURP did not alter the localization
of several centromeric or checkpoint proteins (Mad1,
Bub1, BubR1, CENP-E, Aurora B; data not shown and
Figure S4), indicating that HURP depletion did not dis-
rupt kinetochores. Despite the severe spindle defects
shown in cells with reduced levels of HURP, the cells in-
appropriately entered anaphase, apparently overriding
the spindle assembly checkpoint. Thus, HURP is re-
quired for proper chromosome alignment and spindle
assembly both in human somatic cells and in Xenopus
egg extracts.Figure 7. HURP Is Required for Spindle Assembly and Function in HeLa Cells
(A) Indirect immunofluorescence localization of HURP in HeLa cells during stages of mitosis and interphase. In the merged images, HURP is pseu-
docolored green; MTs are red; DNA is blue; ACA (centromeric marker) is light blue. Scale bar equals 5 mm.
Far right column: HURP is pseudocolored green; DNA is blue; ACA (centromeric marker) is red. For stacks of this picture, see Movie S2 and Figure S2.
(B) Images of HeLa cells treated with HURP siRNA. In the merged images, MTs are pseudocolored red; ACA is light blue; DNA is blue. Scale bar
equals 5 mm.
(C) Western blot of HURP and TPX2 (as a loading control) comparing HURP siRNA-treated cells with control siRNA-treated cells.
(D) Quantitation of the mitotic defects observed upon HURP depletion by siRNA, showing defects on chromosome alignment and a reduction in
normal mitotic figures. Results from five independent experiments were combined.
Error bars are the SEM.
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HURP is a newly described MAP that affects MT organi-
zation during mitosis both in vitro and in vivo. As part ofa complex with other proteins (XMAP215, Eg5, TPX2,
and Aurora A), it is required for the transition from
Ran-asters to Ran-spindles, the bipolar spindle-like
Current Biology
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centrosomes in response to RanGTP in M-phase
Xenopus egg extract. xHURP antibody inhibition of
Ran-induced MT organization suggests that at least
part of the effect of HURP on bipolar structure formation
is due to the reduction in either the growth or stability of
the MTs present in the initial, aster-like, structures in-
duced by RanGTP prior to Ran-spindle assembly.
In the presence of chromosomes and centrosomes,
HURP inhibition appears mainly to affect the number
of spindle MTs and not spindle bipolarity. This effect is
again potentially explained by a reduction in MT growth
or stability when the HURP complex is inactivated. The
different effects on bipolarity in the two types of spindle
structure likely reflect differences in the intrinsic proper-
ties of these structures, as discussed below. Our data
show that HURP is required for proper spindle formation
in vitro and in vivo.
Identification of a HURP-Containing Complex
When added to CSF extract in excess, RanGTP leads to
the production of bipolar spindle-like structures (see In-
troduction). One of the factors regulated by Ran is TPX2,
which is essential for Ran-mediated MT assembly and,
when rendered constitutively active by mutation of an
importin a binding site, is sufficient to induce the forma-
tion of asters but not bipolar structures. We used this
mutant form of TPX2 as the basis for a biochemical as-
say for Ran- and importin a-regulated factors necessary
for the transition from aster-like to spindle-like bipolar
structures. First, we showed that the presence of impor-
tin a inhibits this transition, indicating that spindle-like
formation is a discrete importin a and Ran-regulated
function, separate from aster-like formation or MT nu-
cleation.
Second, we showed that a single activity that over-
came importin a inhibition behaved as a high molecular
weight species on size fractionation.
In the active fraction, we identified several MAPs;
TPX2, XMAP215, and HURP; a motor previously shown
to be required for spindle bipolarity, Eg5; and a kinase,
Aurora A/Eg2, that has various mitotic roles. A series
of experiments with different antibodies directed
against these proteins showed that all can be coimmu-
noprecipitated from the MAP fraction, confirming the
existence of a multicomponent complex in the egg ex-
tract. On depletion of Aurora A or on replacement of
wild-type Aurora A with a kinase-dead mutant form,
the remaining components of the complex no longer
fractionated as a defined complex and no activity was
detected in the bipolarity assay. Thus, Aurora A kinase
activity seems to be required for both complex forma-
tion and activity. At least two other components of the
complex, TPX2 and HURP, are Aurora A substrates
[22–24, 33]. Since the proteins contained in the complex
are mostly known to be phosphoproteins, Aurora A
could potentially act to modulate their activities or their
interactions.
HURP-specific antibodies do not disrupt the complex
(since they coimmunoprecipitate all the components),
but their addition to CSF extract abolishes Ran-depen-
dent spindle bipolarization. Combining the HURP inhibi-
tion and Aurora A depletion data provides strong evi-
dence that it is the HURP complex that is active inbipolarization rather than the individual components
acting separately. Proof of this will, however, require re-
constitution of the complex from its pure components,
an experiment that is currently not technically feasible.
The Role of the HURP Complex
Our data suggest several possible mechanisms by
which the HURP complex might induce bipolarization
that are not mutually exclusive. The addition of HURP
to pure tubulin or to egg extract in excess (data not
shown) led to the stabilization and bundling of MTs. An-
tibody inhibition of HURP in extract not only reduced
bipolarization but also the number of MTs in TPX2-
induced aster-like structures. Similarly, when added to
Xenopus cycled extracts that contain chromatin tem-
plates composed of duplicated chromosomes and as-
sociated centrosomes, HURP antibodies severely re-
duced the number of MTs present in the resulting
spindle structures. All of these data are consistent with
the hypothesis that a function of HURP and the HURP
complex is either to stabilize MTs or to promote their
growth. Interestingly, results obtained from computer
simulations of bipolar spindle formation [34] have led
to the conclusion that both MT growth and the number
of MT plus ends present in asters are critical parameters
for the transition between aster-like and spindle-like
structures. Thus, a reduction in MT stability or growth
may be sufficient to explain the effects of the HURP an-
tibodies.
The composition of the HURP complex suggests that
it may in fact have additional functions. Eg5 is known to
be required for spindle bipolarity [13–15] and has been
suggested to be regulated by Ran [6]. Our results
suggest that it may be Eg5 in combination with other
components of the HURP complex that is required for
bipolarity in this experimental system. The other compo-
nents of the complex may act in conjunction with Eg5 by
stabilizing the MTs on which it acts or by targeting the
complex to a specific subset of MTs. In addition, the
presence of Eg5 with three other MT binding proteins
in one complex may contribute to efficient crosslinking
of antiparallel MTs during spindle assembly.
HURP and Mitotic Spindles
The effects of HURP antibodies on ‘‘cycled’’ spindles in
vitro or its depletion from HeLa cells in vivo are not due
to a lack of spindle bipolarization. This difference from
the requirement for HURP in Ran-spindle bipolarity
might have two explanations. First, HURP and the
HURP complex might have no role in bipolarization of
chromosome- and centrosome-containing spindles.
Second, chromosomes and/or centrosomes might pro-
vide mitotic spindles with alternative mechanisms of
generating bipolarity that are not available to the Ran-
dependent spindle-like structures. Given the severe ef-
fects of HURP depletion or inhibition on mitotic spindle
formation, we think the second explanation is more
probable and that there may be redundant mechanisms
that contribute to mitotic spindle bipolarity. According
to the flux model [35], Eg5 moves toward the minus
ends of MTs, thus requiring additional factors to either
recycle it to the overlapping MTs or to tether it there. It
is possible that in the Ran-spindles, the mechanism for
keeping Eg5 at the overlap zone is different, or less
HURP Is Required for Spindle Assembly
753redundant, compared to that in mitotic spindles. Never-
theless, affecting HURP’s function results in defects in
spindle assembly in all systems tested (Ran-spindles
and ‘‘cycled’’ spindles in vitro, mammalian cells in vivo).
HURP and Chromosome Segregation
In HeLa cells, HURP appears to concentrate on kineto-
chore MT fibers, and depletion of HURP from HeLa cells
has a severe effect on chromosome alignment at the
metaphase plate. HURP overexpression in transiently
transfected HeLa cells also leads to defects in spindle
formation (our unpublished results). Remarkably, de-
spite the presence of these abnormalities, these cells in-
appropriately enter anaphase, leading to defective chro-
mosome segregation and nondisjunction events. Since
localization of several centromeric and checkpoint pro-
teins (Mad1, Bub1, BubR1, CENP-E, our unpublished
results) is not altered, HURP depletion enables inappro-
priate anaphase onset bypassing the spindle assembly
checkpoint. Further work is required to elucidate the
reason for this phenotype, but it is interesting to note
that cells overexpressing Aurora A also bypass the spin-
dle assembly checkpoint and this is dependent upon
Bub1 [36].
HURP was discovered as a protein that is overex-
pressed in hepatocarcinomas. Although it is as yet far
from clear that HURP is directly involved in oncogenic
transformation, these results provide a rationale for be-
lieving that it may be.
In summary, our results identify a new and essential
component of the mitotic apparatus, HURP. Our in vitro
data provide evidence that HURP acts as part of a multi-
component complex that affects the growth or stability
of spindle MTs and that may play additional roles in
spindle MT organization. Many questions remain open.
What are the molecular functions of HURP and the com-
plex? What is the detailed mechanism of their regulation
by RanGTP and importin a? And is the misfunction of the
complex important in cancer? Future work will address
these issues.
Supplemental Data
Supplemental Data include two figures, three movies, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.current-biology.com/cgi/content/full/16/8/
743/DC1/.
Acknowledgments
We would like to thank Drs O. Gruss and C. Schatz for help with initial
experiments, F. Ne´de´lec for help with the Matlab macro, A. Hoenger
for help with the EM, J. Ellenberg and D. Gerlich for help with the light
microscopy, A. Popov, E. Karsenti, T. Surrey, W. Antonin, and E.
Nigg for providing antibodies, and T. Surrey, E. Karsenti, and mem-
bers of the Mattaj lab for critical reading of the manuscript. M.D.K.
was supported by a Marie Curie and an EMBO fellowship.
Received: November 24, 2005
Revised: March 12, 2006
Accepted: March 15, 2006
Published: April 17, 2006
References
1. Carazo-Salas, R.E., Guarguaglini, G., Gruss, O.J., Segref, A.,
Karsenti, E., and Mattaj, I.W. (1999). Generation of GTP-boundRan by RCC1 is required for chromatin-induced mitotic spindle
formation. Nature 400, 178–181.
2. Askjaer, P., Galy, V., Hannak, E., and Mattaj, I.W. (2002). Ran
GTPase cycle and importins alpha and beta are essential for
spindle formation and nuclear envelope assembly in living Cae-
norhabditis elegans embryos. Mol. Biol. Cell 13, 4355–4370.
3. Bamba, C., Bobinnec, Y., Fukuda, M., and Nishida, E. (2002). The
GTPase Ran regulates chromosome positioning and nuclear en-
velope assembly in vivo. Curr. Biol. 12, 503–507.
4. Kalab, P., Pu, R.T., and Dasso, M. (1999). The ran GTPase regu-
lates mitotic spindle assembly. Curr. Biol. 9, 481–484.
5. Zhang, C., Hughes, M., and Clarke, P.R. (1999). Ran-GTP stabil-
ises microtubule asters and inhibits nuclear assembly in Xeno-
pus egg extracts. J. Cell Sci. 112, 2453–2461.
6. Wilde, A., and Zheng, Y. (1999). Stimulation of microtubule aster
formation and spindle assembly by the small GTPase Ran. Sci-
ence 284, 1359–1362.
7. Ohba, T., Nakamura, M., Nishitani, H., and Nishimoto, T. (1999).
Self-organization of microtubule asters induced in Xenopus egg
extracts by GTP-bound Ran. Science 284, 1356–1358.
8. Gruss, O.J., Carazo-Salas, R.E., Schatz, C.A., Guarguaglini, G.,
Kast, J., Wilm, M., Le Bot, N., Vernos, I., Karsenti, E., and Mattaj,
I.W. (2001). Ran induces spindle assembly by reversing the
inhibitory effect of importin alpha on TPX2 activity. Cell 104,
83–93.
9. Schatz, C.A., Santarella, R., Hoenger, A., Karsenti, E., Mattaj,
I.W., Gruss, O.J., and Carazo-Salas, R.E. (2003). Importin al-
pha-regulated nucleation of microtubules by TPX2. EMBO J.
22, 2060–2070.
10. Gruss, O.J., Wittmann, M., Yokoyama, H., Pepperkok, R., Kufer,
T., Sillje, H., Karsenti, E., Mattaj, I.W., and Vernos, I. (2002). Chro-
mosome-induced microtubule assembly mediated by TPX2 is
required for spindle formation in HeLa cells. Nat. Cell Biol. 4,
871–879.
11. Nachury, M.V., Maresca, T.J., Salmon, W.C., Waterman-Storer,
C.M., Heald, R., and Weis, K. (2001). Importin beta is a mitotic
target of the small GTPase Ran in spindle assembly. Cell 104,
95–106.
12. Blower, M.D., Nachury, M., Heald, R., and Weis, K. (2005). A
Rae1-containing ribonucleoprotein complex is required for mi-
totic spindle assembly. Cell 121, 223–234.
13. Enos, A.P., and Morris, N.R. (1990). Mutation of a gene that en-
codes a kinesin-like protein blocks nuclear division in A. nidu-
lans. Cell 60, 1019–1027.
14. Hagan, I., and Yanagida, M. (1992). Kinesin-related cut7 protein
associates with mitotic and meiotic spindles in fission yeast. Na-
ture 356, 74–76.
15. Sawin, K.E., LeGuellec, K., Philippe, M., and Mitchison, T.J.
(1992). Mitotic spindle organization by a plus-end-directed mi-
crotubule motor. Nature 359, 540–543.
16. Kashina, A.S., Baskin, R.J., Cole, D.G., Wedaman, K.P., Saxton,
W.M., and Scholey, J.M. (1996). A bipolar kinesin. Nature 379,
270–272.
17. Kapitein, L.C., Peterman, E.J., Kwok, B.H., Kim, J.H., Kapoor,
T.M., and Schmidt, C.F. (2005). The bipolar mitotic kinesin Eg5
moves on both microtubules that it crosslinks. Nature 435,
114–118.
18. Miyamoto, D.T., Perlman, Z.E., Burbank, K.S., Groen, A.C., and
Mitchison, T.J. (2004). The kinesin Eg5 drives poleward microtu-
bule flux in Xenopus laevis egg extract spindles. J. Cell Biol. 167,
813–818.
19. Wilde, A., Lizarraga, S.B., Zhang, L., Wiese, C., Gliksman, N.R.,
Walczak, C.E., and Zheng, Y. (2001). Ran stimulates spindle as-
sembly by altering microtubule dynamics and the balance of
motor activities. Nat. Cell Biol. 3, 221–227.
20. Tsou, A.P., Yang, C.W., Huang, C.Y., Yu, R.C., Lee, Y.C., Chang,
C.W., Chen, B.R., Chung, Y.F., Fann, M.J., Chi, C.W., et al.
(2003). Identification of a novel cell cycle regulated gene,
HURP, overexpressed in human hepatocellular carcinoma. On-
cogene 22, 298–307.
21. Carmena, M., and Earnshaw, W.C. (2003). The cellular geogra-
phy of aurora kinases. Nat. Rev. Mol. Cell Biol. 4, 842–854.
Current Biology
75422. Bayliss, R., Sardon, T., Vernos, I., and Conti, E. (2003). Structural
basis of Aurora-A activation by TPX2 at the mitotic spindle. Mol.
Cell 12, 851–862.
23. Eyers, P.A., Erikson, E., Chen, L.G., and Maller, J.L. (2003). A
novel mechanism for activation of the protein kinase Aurora A.
Curr. Biol. 13, 691–697.
24. Tsai, M.Y., Wiese, C., Cao, K., Martin, O., Donovan, P., Ruder-
man, J., Prigent, C., and Zheng, Y. (2003). A Ran signalling path-
way mediated by the mitotic kinase Aurora A in spindle assem-
bly. Nat. Cell Biol. 5, 242–248.
25. Popov, A.V., and Karsenti, E. (2003). Stu2p and XMAP215: turn-
coat microtubule-associated proteins? Trends Cell Biol. 13,
547–550.
26. Popov, A.V., Severin, F., and Karsenti, E. (2002). XMAP215 is re-
quired for the microtubule-nucleating activity of centrosomes.
Curr. Biol. 12, 1326–1330.
27. Kinoshita, K., Habermann, B., and Hyman, A.A. (2002).
XMAP215: a key component of the dynamic microtubule cyto-
skeleton. Trends Cell Biol. 12, 267–273.
28. Bischoff, F.R., Klebe, C., Kretschmer, J., Wittinghofer, A., and
Ponstingl, H. (1994). RanGAP1 induces GTPase activity of nu-
clear Ras-related Ran. Proc. Natl. Acad. Sci. USA 91, 2587–2591.
29. Bischoff, J.R., Anderson, L., Zhu, Y., Mossie, K., Ng, L., Souza,
B., Schryver, B., Flanagan, P., Clairvoyant, F., Ginther, C., et al.
(1998). A homologue of Drosophila aurora kinase is oncogenic
and amplified in human colorectal cancers. EMBO J. 17, 3052–
3065.
30. Meraldi, P., and Nigg, E.A. (2001). Centrosome cohesion is reg-
ulated by a balance of kinase and phosphatase activities. J. Cell
Sci. 114, 3749–3757.
31. Hsu, J.M., Lee, Y.C., Yu, C.T., and Huang, C.Y. (2004). Fbx7 func-
tions in the SCF complex regulating Cdk1-cyclin B-phosphory-
lated hepatoma up-regulated protein (HURP) proteolysis by
a proline-rich region. J. Biol. Chem. 279, 32592–32602.
32. Kunitoku, N., Sasayama, T., Marumoto, T., Zhang, D., Honda, S.,
Kobayashi, O., Hatakeyama, K., Ushio, Y., Saya, H., and Hirota,
T. (2003). CENP-A phosphorylation by Aurora-A in prophase is
required for enrichment of Aurora-B at inner centromeres and
for kinetochore function. Dev. Cell 5, 853–864.
33. Yu, C.T., Hsu, J.M., Lee, Y.C., Tsou, A.P., Chou, C.K., and Huang,
C.Y. (2005). Phosphorylation and stabilization of HURP by
Aurora-A: implication of HURP as a transforming target of
Aurora-A. Mol. Cell. Biol. 25, 5789–5800.
34. Nedelec, F. (2002). Computer simulations reveal motor proper-
ties generating stable antiparallel microtubule interactions.
J. Cell Biol. 158, 1005–1015.
35. Mitchison, T.J. (2005). Mechanism and function of poleward flux
inXenopus extract meiotic spindles. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 360, 623–629.
36. Anand, S., Penrhyn-Lowe, S., and Venkitaraman, A.R. (2003).
AURORA-A amplification overrides the mitotic spindle assembly
checkpoint, inducing resistance to Taxol. Cancer Cell 3, 51–62.
